Abstract-An accurate and efficient computational approach is presented for analyzing radiation characteristics of large antenna arrays with radome. This approach is based on the hybrid finite elementboundary integral-multilevel fast multipole algorithm (FE-BI-MLFMA). Unlike the conventional singledomain FE-BI-MLFMA, the whole domain of the antenna array with radome is separated into many disconnected domains. A large free space area unavoidable in the single-domain FE-BI-MLFMA is eliminated in this multi-domain FE-BI-MLFMA formulation, thus the number of unknowns is greatly reduced in the presented multi-domain FE-BI-MLFMA approach. Different from the single-domain FE-BI-MLFMA, many integral equations are required in this multi-domain FE-BI-MLFMA. The numerical experiment shows that the presented multi-domain FE-BI-MLFMA is more efficient than the singledomain one while maintaining the same accuracy. A whole complicated system of a slotted-waveguide array with radome mounted on an aircraft is analyzed to further demonstrate the generality and capability of the presented multi-domain FE-BI-MLFMA.
INTRODUCTION
Electromagnetic radiation analysis of antenna array with radome on electrically large complex platform has become more and more important for modern communication and radar system design. To satisfy the electromagnetic, aerodynamic, structural, and environmental requirements, a radome is usually employed for the purpose of protection and mechanical stability. The presence of radome may affect greatly the radiation characteristics of an antenna due to the induced currents. Hence the radiation characteristics analysis for antenna with radome system is important for practical design.
There are many methods for solving this kind of problems, such as the high frequency asymptotic methods, full-wave numerical methods and the hybrid full-wave and high frequency methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Full-wave numerical methods have been well developed to analyze the slotted-waveguide antenna [5] [6] [7] [8] [9] . However, due to large computation resources required, they usually are applied to analyze radiation by electrically small radome/antenna problems. For the scattering or radiation analysis of electrically large three-dimensional problems in electromagnetic engineering, the high frequency method is usually employed to achieve efficient calculation, such as Ray Tracing (RT), Physical Optics (PO), hybrid full-wave and high frequency methods [10] [11] [12] [13] [14] . But when these methods are applied to compute the radiation by a large antenna array with radome on a large aircraft, they usually become inefficient due to multi-scale, multi-regional connectivity and multi-materials problems. More importantly, the computation accuracy of high frequency methods is not promised. Fast and accurate analysis of the large slotted-waveguide arrays with radome on a large aircraft is still a great challenge.
The FE-BI-MLFMA has shown to be a flexible, accurate and efficient method for dealing with scattering/radiation problems [15] [16] [17] [18] . Recently, a domain decomposition method is presented for analyzing electromagnetic problems involving multiple separable scatterers such as an antenna array in [19] . But the solution domain of FE-BI-MLFMA in [19] is a connected single domain, the large free space area in the solution domain is unavoidable. In this paper, we present an accurate and efficient multi-domain FE-BI-MLFMA approach for large slotted-waveguide antenna arrays with a radome on a large aircraft. The single connected domain of an antenna array with radome in the original FE-BI-MLFMA in [19] is first separated into many disconnected domains. Then each domain is simulated with the FEM as usual. To establish the relation of electric and magnetic fields at the boundary of each domain, we establish two integral equations. One is the integral equation established on the exterior surface of the radome and the large aircraft. The other is one established on the interior surface of the radome and the surfaces of all radiation units of the antenna array. Thus the free space region unavoidable in the single-domain FE-BI-MLFMA is not needed in the multi-domain FE-BI-MLFMA, a large number of unknowns can be reduced. Furthermore, our numerical experiments show that the multi-domain FE-BI approach has faster convergent solution than the single-domain one. The radiation characteristics of a large X-band slotted-waveguide antenna array containing eighteen waveguides with a radome is computed and analyzed. A challenging problem of a slotted-waveguide array with radome mounted on a large aircraft is analyzed to further demonstrate the generality and capability of the presented multi-domain FE-BI-MLFMA.
COMPUTATIONAL ALGORITHM
Consider the radiation problem of multiple disconnected antenna arrays with a radome as shown in Fig. 1 . The radome is a spheroidal dielectric shell with relative permittivity ε r and permeability μ r , the array with multi slotted-waveguides is enclosed by a radome.
In the conventional FE-BI-MLFMA, the solution region is directly divided into the interior region and the exterior region. As shown in Fig. 1(a) , for the interior region, there is only a single-domain bounded by the outer surface of the radome. The interior region not only includes the volume region of each antenna array and the radome, but also includes the free space region bounded by the outer surface of each antenna array and the inner surface of the radome. A large amount of additional FEM unknowns are required due to the free-space region, which results in a large computation resource and a limitation of the problem size. To overcome this bottleneck, we present an efficient multi-domain FE-BI-MLFMA approach as shown in Fig. 1 To be more specific, consider the radiation problem of a large slotted-waveguide antenna with a dielectric radome, the computational model for analysis is shown in Fig. 2 . For the mth (m = 1, N) slotted-waveguide, its surface is denoted as S m . According to the FE-BI-MLFMA presented in [17] , the solution region is directly divided into the interior region and the exterior region by the surface of S m . The excited source is placed on the fed edges in each single slotted-waveguide interior region, the 
where k 0 is the free-space wavenumber,H m = Z 0 H m , Z 0 the free-space intrinsic impedance, V m the volume enclosed by S m , andn m the outward unit vector normal to S m . The short current probe oriented in the z-direction and located at (x f , y f ) can be modeled as:
The volume V r of the dielectric radome is enclosed by the inner surface S r i and outer surface S ro of the radome, shown in Fig. 2 . Similarly, the fields in V r can be also formulated into an equivalent variational problem with the similar functional of (1) except that the last term of excitation is omitted.
The relation of electric and magnetic fields at the surface of radome and each slotted-waveguide can be established by two integral equations. One is the integral equation established at the outer surface of radome. The other is one established at the inner surface of radome and the surfaces of all slotted-waveguides. These two integral equations can be formulated as the following same form of the combined field integral equation (CFIE) except that the integral areas in operators L x and K x are different
where
Using the standard FEM and MoM to discretize (1) and (3) yields the FE-BI matrix equation of (5), where K and B are the sparse FEM matrices, P fk and Q fk (k = 1, 2, . . . , N, r i , r o ) are the dense matrices from the first integral equation established at the inner surface of the radome and surfaces of all slotted waveguides, P sro and Q sro are the dense matrices from the second integral equation established at the outer surface of the radome, R m and R r denotes the projection Boolean matrix between the local BI degrees of freedom (DOFs) and the local FEM degrees of freedom (DOFs) of the mth slotted waveguide and radome, respectively.H s = Z 0 H s , Z 0 is the free-space impedance.
The equation system of (5) is solved by using the iterative solvers such as GMRES. The MLFMA is employed to speed up matrix-vector multiplication, which is the key step of GMRES. In this paper, to further improve the efficiency, the sparse solver of the multifrontal direct method [20] is first employed to factorize the FEM matrix [K m ] to obtain the expression of E m by using H sm , then the finite element tearing and tearing and interconnecting method (FETI) [17] is employed to handle the FEM matrix of the radome before solving (5) .
It is worth to point out the above presented formulation can be extended to general cases in a straightforward way. For example, if the radome is multilayered, not homogeneous, we can establish an integral equation for every interface between layers. Thus, we obtain an equation system with more than two integral equations.
NUMERICAL RESULTS
A series of numerical experiments are investigated in this section. All the computations are performed on a parallel computer platform Liuhui-II at the Center for Electromagnetic Simulation, Beijing Institute of Technology. It has 10 nodes, each node has 96 GB memory, 2 Intel X5650 2.66 GHz CPUs, and each CPU has 6 cores.
A ten-slot waveguide array with radome is first computed to investigate the convergence performance and accuracy of the presented multi-domain DDA-FE-BI-MLFMA approach. We employ a rugby-like ellipsoid radome to enclose the slotted-waveguide array. As shown in Fig. 3 , the long semi-axis of radome is 13.3λ, the thickness is 0.6λ, and the relative permittivity is ε r = 2.0 − j1.0. The radiation patterns of the array-radome are calculated by using our presented multi-domain and the conventional single-domain algorithms. The comparison of normalized co-polarization E-plane and H-plane radiation patterns of the array is shown in Fig. 4 , demonstrating that the multi-domain DDA-FE-BI-MLFMA has good accuracy. Figure 5 shows the convergence history of the iterative solution of the ten-slot waveguide antenna with radome under different algorithms.
The results show that the multi-domain approach has faster convergence than the single-domain approach. The numbers of unknowns are 2,717,248(FEM)/242,679(BI) in the multi-domain approach and 4,524,260(FEM)/146,550(BI) in the single-domain one. The total memory requirements are 21 GB and 38 GB, and the total CPU times are 46 minutes and 112 minutes respectively in the multi-domain and single-domain approaches. In this calculation, we employ 8 CPU cores.
Then a large slotted-waveguide array with an oblate ellipsoid radome, as shown in Fig. 6 , is computed to analyze the impact of radome on the radiation characteristics. The large array contains 18 slotted waveguides and total 1416 slot units. These 18 slotted waveguides are equally divided into two groupsgroup A and group B. The group A is symmetry to the group B along the middle line of the array in xoz plane. The inclination direction for each slot is inversed to its adjacent ones. The BJ100 waveguide (22.86 × 10.16 mm) is chosen for each antenna, the working frequency band of the dominant mode ranges from 8.2 GHz to 12.5 GHz. The working central frequency of the array is 10 GHz. The vertical spacing among the waveguides is 5.2 mm. To achieve high gain and low side-lobe performance, the fed phase for each slotted-waveguide is strictly inversed to the adjacent ones. Furthermore, the fed phase for slotted-waveguide in the group A is strictly inversed to that for the symmetrical slottedwaveguide in the group B. A single layer dielectric oblate ellipsoid radome with its long semi-axis of 43.3λ and short semi-axis of 8.7λ is designed for the array. The radome has a thickness of 0.1λ and a relative permittivity of ε r = 2.0 − j1.0. The two orthogonal polarization radiation patterns in E-plane and H-plane are calculated by using the presented multi-domain approach, and are shown in Fig. 7 and Fig. 8 . The results show the impact of the radome on the radiation pattern of the array. The interaction between array and radome greatly affects the radiation patterns in the H-plane, and has a large elevation of side-lobe envelope due to the large variation of the radome curvature in the yoz plane, but little in the E-plane due to the unchanged curvature of the radome in the xoy plane. The computational resources required in this calculation are listed in Table 1 .
To demonstrate the generality and capability of the presented multi-domain FE-BI-MLFMA, a more challenging problem is analyzed, as shown in Fig. 9 . The above slotted-waveguide array with radome is mounted on a large aircraft. The aircraft is 14.25 m long, and 16 m wide. The array is mounted 2.1 m high from the top of the aircraft, and 7.36 m away from the nose of the aircraft. We consider two cases. The case 1 is that the main bean of the array faces to the nose. The case 2 is that the main bean of the array faces to the tail. Fig. 10 shows the effect of the aircraft to the radiation patterns of the slotted-waveguide array. The computational resources required in this calculation are listed in Table 2 . 
CONCLUSION
An efficient multi-domain FE-BI-MLFMA approach is presented for large slotted-waveguide antenna arrays with radome in this paper. The comparison of the computed results by the presented multidomain and conventional single-domain FE-BI-MLFMA validates that the presented approach is fast and accurate for analysis of slotted-waveguide arrays with radome. The effect of the radome is analyzed to the radiation patterns of a large slotted-waveguide array antenna. A challenging problem of a large slotted-waveguide array with radome mounted on a large aircraft is computed to further demonstrate the efficiency and capability of the presented approach.
